Introduction
Formation of new vessels occurs during early development and adulthood and also in pathological conditions such as ischemia, tissue regeneration, inflammation, and cancer. 1 Mural cell (MC) recruitment is essential for the stability and the functionality of newly formed vessels, particularly by controlling endothelial cell (EC) survival through the regulation of Ang-1/Ang-2 balance. MCs include pericytes and smooth muscle cells (SMCs), although a clear distinction between these 2 cell types remains controversial. 2 Mechanisms involved in their recruitment on endothelial sprouts are complex. Pericytes are proposed to originate from surrounding mesenchymal precursors or to be recruited from the wall of adjacent vessels before differentiating into SMCs. 3 It is also postulated that proliferation and migration of MCs toward ECs is dependent on a precisely orchestrated gradient of soluble chemotactic factors generated from ECs in their microenvironment.
Platelet-derived growth factor BB (PDGF-BB) is known to promote MC recruitment. [4] [5] [6] [7] It is secreted by ECs upon angiogenic stimulation 8, 9 or hypoxia. 10 It is a potent chemotactic and growth factor for both vascular SMCs and pericytes expressing PDGF receptor b (PDGFR-b). 5 Hedgehog (Hh) proteins, namely Sonic hedgehog (Shh), Indian hedgehog (Ihh), and Desert hedgehog (Dhh), are involved in vessel formation during development 11 and ischemia-induced postnatal neovascularization. 12, 13 Interestingly, in addition to increasing capillary density, Shh gene therapy in the ischemic myocardium was shown to promote the formation of larger and more muscularized blood vessels. 14 Moreover, Shh was shown to upregulate MC-related markers during the formation of microvessel-like structures in vitro 15 suggesting a potential action of Shh in vessel maturation. At the cellular level, recombinant Shh was shown to induce SMC and pericyte proliferation and survival [16] [17] [18] [19] and to contribute to PDGF-BB-induced myofibroblast proliferation. 20 Even though Shh was shown to induce the migration of various cell types such as fibroblasts, 21 ECs, 22 endothelial progenitors, 23 and monocytes, 24 its role and mechanism in SMC migration in vitro and in MC recruitment in vivo have never been investigated.
The aim of this study was to identify the role of Hh proteins in SMC recruitment by neovessels and to characterize their mechanism of action. As such, we conducted a comprehensive series of experiments to demonstrate that Shh contributes to PDGF-BB-induced SMC migration in vitro and drives MC recruitment on growing vessels in the mouse corneal angiogenesis model.
Materials and methods

Products
Recombinant Shh, PDGF-BB, and vascular endothelial growth factor (VEGF) were purchased from R&D Systems, Smoothened (Smo) inhibitor cyclopamine from Sigma-Aldrich, and SANT2 from Enzo Life Sciences. The phosphatidylinositol 3-kinase (PI3K) inhibitors AS-252424 and Wortmannin and the PDGFRb inhibitor imatinib were purchased from Santa Cruz Biotechnology, Inc.
Cell culture and migration assays
Rat aortic SMCs were obtained from Lonza. They were maintained in Dulbecco's modified Eagle medium:F12 (1:1) supplemented with 20% fetal bovine serum, in a humidified 5% CO 2 atmosphere at 37°C, and used between passages 2 to 12. Quiescent SMCs were obtained by a 24-hour culture in serum-free medium. Commercial (Lonza) rat aortic SMC phenotype was characterized by immunocytochemistry with anti-a-smooth muscle actin (a-SMA) (Sigma), anti-nerve/glial antigen-2 (NG2) (Millipore), and anti-PDGFR-b (R&D Systems) antibodies (supplemental Figure 1A ; see the Blood Web site). They demonstrated the same phenotypic properties as aortic SMCs in situ (supplemental Figure 1B) .
For the Transwell chemotactic assay, BD Falcon inserts were seeded with 65 000 cells per well. Compounds to be tested were added in the lower compartment. Migration was assessed as the mean of cells present below the porous membrane in 9 fields per well 6 hours after seeding.
The wound-healing assay was performed in a 12-well culture plate. A confluent layer of SMCs was scratched with a plastic tip, and pictures were shot at the beginning and 72 hours later.
The random motility test was performed on glass slides. SMCs were tracked using a time-lapse Zeiss microscope. More than 60 cells per condition were individually tracked by shooting pictures every 15 minutes for 15 hours (Axio Vision software). Each condition of the migration and motility assays was assayed in triplicate, and each experiment performed at least 3 times.
When indicated, the culture medium was supplemented with PDGF-BB (10 mg/mL), recombinant Shh (1 mg/mL), anti-Hh blocking antibody 5E1 (1.5 mg/mL; Developmental Studies Hybridoma Bank), cyclopamine (1 mmol/L), GANT58 (5 mmol/L; Tocris Biosciences), GANT61 (5 mmol/L; Alexis), or PI3Kg selective inhibitor (AS252424; 100 nmol/L).
siRNA transfection and adenovirus transduction
Cells were transfected with short interfering RNA (siRNA) (Eurogentec) using Interferin (Polyplus transfection) according to the manufacturer's instructions. Migration assays were performed 48 hours after transfection of quiescent cells. Adenovirus encoding for an inactive form of PI3Kg (KRPI3Kg) and control adenovirus were obtained from M. Laffargue's laboratory. 25 Cells were transduced at a multiplicity of infection of 50 overnight and then washed twice with serum-free medium. Fresh medium was added for 24 hours before using the cells.
RNA extraction, reverse transcription polymerase chain reaction (RT-PCR), and real-time quantitative PCR Total RNA was extracted from cultured SMCs or from mouse corneas, according to the TriReagent manufacturer's instructions (Molecular Research Center Inc.). Quantitative RT-PCR (RT-qPCR) was performed as detailed in supplemental Methods using the SYBR Green technique. Primer sequences are described in supplemental Methods.
Western blot and immunostaining techniques
Antibodies used in western blot analysis were as follows: anti-protein kinase B (Akt), anti-phospho-Akt (Ser473), anti-extracellular signal-regulated kinase (ERK) 1/2, and anti-phospho-ERK1/2 (Tyr202/Tyr204) (Cell Signaling Technology). Primary antibodies were then incubated with secondary Alexa 700-nm and Alexa 750-nm coupled antibodies (Invitrogen) and Alexa 800-nm coupled antibodies (LI-COR) and resolved with an infrared system (OdysseyR; LI-COR). Pellets contain 5 mg VEGF and 20 nmol of cyclopamine or imatinib as indicated. Pellets without growth factor were implanted in control mice. Vessel formation and stability were examined by immunostaining 5 or 28 days after implantation.
Statistics
Results are reported as mean 6 standard deviation (SD). Comparisons within groups were performed using analysis of variance. Comparisons between individual groups were performed with the Mann-Whitney U test.
Results
Hh proteins and Hh pathway activation are required for PDGF-BB-induced SMC migration
During angiogenesis, ECs have been shown to produce factors necessary for MC recruitment including PDGF-BB. 27 Recent data demonstrated that Shh contributes to PDGF-BBstimulated fibroblast migration. 20 Because PDGF-BB is one of the main chemotactic factors for SMCs, we hypothesized that Hh proteins could work in combination with PDGF-BB to promote SMC migration. As shown in Figure 1A , Hh blocking antibody 5E1 decreased PDGF-BB-induced migration of commercial rat aortic primarycultured SMCs. To confirm this data and further investigate whether activation of Hh signaling is necessary for PDGF-BB-induced SMC migration, we inhibited Smo activity with cyclopamine and SANT2. The 2 inhibitors decreased PDGF-BB chemotactic activity ( Figure 1A and data not shown for SANT2). Taken together, these data demonstrate that Hh proteins and their subsequent activation of Hh signaling participate in PDGF-BB-induced SMC migration.
Because cultured vascular SMCs express the main Hh signaling pathway elements, including Hh receptor Patched-1, Smo, and Glioma-associated oncogene 1 (Gli1) transcription factor (supplemental Figure 2 ), we investigated the chemotactic effect of Hh proteins on SMCs. In contrast to PDGF-BB, Shh did not induce aortic SMC chemotaxis even at a wide range of concentrations (10 ng/mL to 1 mg/mL) ( Figure 1B ) or long-lasting migration time (24 hours) (supplemental Figure 3) . Similarly, 1 mg/mL of Ihh or Dhh did not show any chemotactic effect on SMCs ( Figure 1B ). These data demonstrate that despite their involvement in PDGF-BB-driven SMC migration, Hh proteins alone are not chemotactic for SMCs.
We then tested whether Shh was able to promote SMC chemokinesis in the wound-healing assay and in the random motility test. We found that Shh was able to stimulate SMC motility in these 2 tests independently of the presence of a concentration gradient ( Figure 1C ). Altogether, these data suggest that Shh promotes PDGF-BB-induced SMC migration by stimulating SMC motility without inducing chemotaxis.
Shh expression is stimulated by PDGF-BB
To determine whether PDGF-BB-treated SMCs were capable of producing Hh proteins, we measured the messenger RNA (mRNA) level of each Hh in SMCs by RT-qPCR. In the absence of PDGF-BB, Shh was the main Hh expressed (1.3 3 10 4 mRNA copies per mg RNA), Ihh was faintly expressed, and Dhh mRNA was in the range of the detection threshold ( Figure 2A ). Moreover, when SMCs were stimulated by PDGF-BB for 6 hours, the Shh mRNA level increased by 3.2-fold as compared with control unstimulated quiescent SMCs, whereas Ihh and Dhh expression remained unchanged ( Figure 2A ). The increase in Shh mRNA level became significant after a 4-hour PDGF-BB stimulation ( Figure 2B ). Shh protein accumulated in the cytoplasm and at the plasma membrane of PDGF-BB-stimulated SMCs (supplemental Figure 4) and was secreted by PDGF-BBstimulated SMCs more abundantly than by control unstimulated SMCs (secreted Shh was 50 times more concentrated) ( Figure 2C ) in a dose-dependent manner ( Figure 2D) .
Additionally, when Shh expression was specifically inhibited by Shh siRNA, PDGF-BB-induced SMC migration was decreased by at least 50% ( Figure 1A and supplemental Figure 5) . Together these data demonstrate that Shh expression is induced by PDGF-BB and identify Shh as the Hh protein mediating PDGF-BB-induced SMC migration.
Because Gli1 overexpression is one of the main reporters of Hh signaling pathway activation, we first verified whether Gli1 expression increases upon PDGF-BB stimulation (supplemental Figure 6A) . The role of Shh in PDGF-BB-induced Gli1 overexpression was controlled by Hh blocking antibodies (5E1). Moreover, we confirmed the involvement of Gli1 in PDGF-BB-induced SMC migration by using 3 Gli1 inhibitors including 2 small molecules, GANT58 and GANT61 (supplemental Figure 6B) , and the physiological inhibitor of Gli1, the N-terminal part of Gli3 (supplemental Figure 6C-D) . All 3 inhibitors significantly reduced PDGF-BB-mediated SMC migration. All together, these data confirm the activation of the Hh canonical signaling pathway by PDGF-BB.
Shh-dependent activation of PI3Kg and ERK1/2 participates in PDGF-BB-induced SMC migration
Two of the main intracellular signaling pathways activated by PDGF-BB are mitogen-activated protein kinase and PI3K signaling, which lead to ERK1/2 and Akt phosphorylation, respectively.
Previous studies have shown that Shh activates PI3K and subsequently leads to Akt phosphorylation in various cell types. 21, 23, [28] [29] [30] We demonstrated that recombinant Shh is capable of inducing a fast (15-minute) Akt phosphorylation in SMCs. We showed that Shhinduced Akt phosphorylation is entirely inhibited by the pan PI3K inhibitor Wortmannin, the PI3Kg selective inhibitor AS-252424 ( Figure 3A ), and competition with the inactive mutant of PI3Kg 25 (supplemental Figure 7A) , demonstrating that Shh-induced Akt phosphorylation is mediated via PI3Kg. In contrast, the fast Akt Figure 3A) , but not by AS-252424 or the competitive inactive form of PI3Kg (supplemental Figure 7A) , confirming that PDGF-BB-induced Akt phosphorylation is instead mediated by PI3Ka/b/d.
After PDGF-BB stimulation of SMCs, Akt phosphorylation demonstrated a rapid and transient increase (maximal at 15 minutes), then a rapid decrease, followed by a second wave of activation ( Figure 3B ). In the presence of the Hh blocking antibody 5E1, the delayed second wave of Akt phosphorylation was strongly decreased suggesting that the late activation of Akt was dependent on Shh autocrine action. Indeed, the early PDGF-BB-induced Akt phosphorylation was totally inhibited by Wortmannin ( Figure 3A) , but not by the PI3Kg-specific inhibitor ( Figure 3C ). In contrast, the delayed Akt phosphorylation was strongly decreased by the PI3Kg inhibitor ( Figure 3C ), suggesting that this delayed activation is attributable to Shh-induced PI3Kg activation.
Finally, we demonstrated that PI3Kg inhibition by a selective drug (AS-252424) or in the inactive PI3Kg mutant-transduced cells reduced PDGF-BB-induced SMC migration by more than 50% ( Figure 3D ). We verified that PI3Kg inhibitors block Shh-induced motility ( Figure 3E and supplemental Figure 7B ). Together these data suggest that Shh-activated PI3Kg is one major determinant of PDGF-BB-induced SMC migration.
We also showed that recombinant Shh activates the mitogenactivated protein kinase pathway leading to ERK1/2 phosphorylation ( Figure 4A ). Kinetic analysis demonstrated a delayed reactivation of ERK1/2 phosphorylation after a 4-hour PDGF-BB stimulation ( Figure 4B-C) . In the presence of the Hh blocking antibody 5E1 or the Smo inhibitor cyclopamine, the early wave of ERK1/2 activation was not affected, whereas the delayed activation was strongly disrupted ( Figure 4B-E) , suggesting that PDGF-BB-induced Shh mediates the late ERK1/2 phosphorylation through Hh signaling pathway activation and may also participate, via this pathway, in SMC migration.
Shh is required for PDGF-BB-mediated MC recruitment on neovessels in the mouse cornea
We investigated Shh involvement in MC recruitment during neovessel formation in vivo using a mouse cornea micropocket angiogenesis assay. VEGF pellet implantation strongly increased Shh expression ( Figure 5A ) mainly at the leading edge of neovessels ( Figure 5B-C) . At the tip of the growing vessel, we found both CD31
1 ECs and an SMC subpopulation characterized by the expression of a-SMA, NG2 proteoglycan marker, and PDGFR-b (supplemental Figure 7) . Shh expression was mainly colocalized with the NG2 1 -expressing cells at the interface between ECs and SMCs ( Figure 5D ). To test whether Shh expression was induced by PDGF-BB in vivo, we first verified that Pdgfb was increased after VEGF pellet implantation (supplemental Figure 8) . Then imatinib, an inhibitor of PDGFR phosphorylation, was added together with VEGF in the pellet. In this condition, VEGF-induced Shh mRNA expression in neovessels was strongly reduced, demonstrating that PDGF-BB is required for induction of Shh expression by VEGF in vivo ( Figure 5A ).
The role of Shh in MC recruitment was investigated using the Hh pathway inhibitor cyclopamine. Five days after corneal implantation of pellets containing both VEGF and cyclopamine, the growing new vessels showed a significant decrease in the number of recruited NG2
1 MCs (Figure 6A,F) . The number of vessels, their diameters, and vessel network connections remained unchanged ( Figure 6C-E ).
An identical decrease in the number of recruited NG2 1 MCs was observed when PDGFR was inhibited with imatinib ( Figure 6A ). Twenty-eight days later, as expected, inhibition of the PDGF pathway by imatinib led to a vessel destabilization and a complete blood vessel regression. Cyclopamine-treated corneas were less For personal use only. on April 9, 2017. by guest www.bloodjournal.org From drastically affected but also showed a marked reduction in blood vessel number ( Figure 6B-C) , diameter, and network connections ( Figure 6D-E) , suggesting that the Shh pathway is involved in maintaining/improving neovessel life span ( Figure 6F ). Altogether, those latter data demonstrate the role of Shh expression in neovessel maturation and stabilization in vivo. Moreover, it confirms that Shh acts downstream of PDGF-BB.
Early recruitment of NG2
1 MCs in the leading edge of the growing vessel does not require their proliferation
Because Shh was previously shown to promote SMC proliferation in vitro [16] [17] [18] and to drive the proliferative effect of PDGF-BB, 20 we checked the role of the Hh pathway in NG2
1 MC proliferation in vivo.
NG2
1 MC proliferation was examined after mice were administered with 5-bromo-29-deoxyuridine, 3 and 5 days after induction of angiogenesis by VEGF. Double BrdU 1 NG2 1 labeled cells were found on the preexisting parental/limbal vessels (supplemental Figure 9B ), whereas we did not find any proliferating NG2 1 cells in the growing new blood vessels either at day 3 or 5 (supplemental Figure 9A ,C), demonstrating that NG2 1 cell recruitment at the tip of the growing vessels does not require cell proliferation at least during the first 5 days. Thus, these data suggest that new vessel formation in the mouse cornea mainly involves vessel remodeling with endothelial and MC migration at least during the first days after angiogenesis was induced, and that these processes are dependent of the Shh pathway.
Moreover, we found that addition of cyclopamine did not reduce the number of proliferating NG2 1 cells on limbal vessels (supplemental Figure 9D) , demonstrating that activation of the Hh signaling pathway is not necessary for MC proliferation in this model of angiogenesis. 
Discussion
Previous investigations have shown that the morphogen Shh is upregulated in different pathological conditions, such as ischemia, 12 and enhances revascularization of ischemic tissues. In the ischemic heart, exogenous Shh administration not only promotes neovascularization, but also increases vessel muscularization, indicating that Shh may play a role in vessel maturation. 14 In the present study, we confirmed the essential role of Shh in blood vessel muscularization and revealed that Shh participates in PDGF-BB-induced SMC migration by increasing cell motility but not chemotaxis, while PDGF-BB drives the direction of the movement. Indeed, we next demonstrated that both Shh expression and secretion were increased after SMC stimulation by PDGF-BB and that autocrine production of Shh was involved in PDGF-BB-stimulated SMC migration. This finding reveals a new effect of Shh on SMCs, in addition to its previously demonstrated role in proliferation of these cells. [16] [17] [18] Even if Hh proteins are suggested to act on angiogenesis only indirectly, 12, 31, 32 ECs were shown to respond to Shh by increasing their migration and the impermeability of the brain endothelium. 33 In the context of growing vessels, SMC-derived Shh may not only act on SMCs themselves, but also on the neighborhood ECs by stimulating their migration and consequently by promoting vessel growth. However, our data showed that inhibition of the Hh signaling pathway has no effect on vessel growth at least during the first days after induction, suggesting that Hh has only a minor effect on this process. Moreover, an effect of Shh on endothelial permeability of newly formed corneal vessel cannot be ruled out, but the fact that Shh is mainly produced at the edge of growing vessels suggests that this effect probably remains minor.
Moreover, this study characterizes Shh-dependent signaling in SMCs and demonstrates that PDGF-BB-stimulated Shh induces the canonical Hh signaling pathway and a delayed activation of ERK1/2 and PI3K/Akt phosphorylation, 2 key mediators of the cell migration process. Indeed, PI3K targets [PtdIns(4,5)P 2 and PtdIns(3,4,5)P 3 ] mediate cell migration via several downstream molecules, such as Akt, guanine nucleotide exchange factors, GTPase-activating proteins, and protein tyrosine kinases that control cell movement. 34 To sustain this process, PI3K must be reactivated by a Rho GTPasedependent activation loop. 34 The potentiating effect of Shh appears to be mediated by Smo, a member of the G protein-coupled receptor (GPCR) superfamily. 35 In contrast to PDGFR-b, a tyrosine kinase receptor that activates PI3Ka, b, and d isoforms, GPCRs are known to activate the PI3Kg subclass. 36 Our data demonstrate, for the first time, that Shh activates PI3Kg via Smo, and that PDGF-BB-mediated Shh/Smo signaling leads to a delayed PI3Kg activation, allowing longlasting cell activation, which finally increases PDGF-BB-induced migration.
Previous data demonstrated that PI3Kg was required for reparative angiogenesis by contributing to angiogenic factor production by ECs. 37 We present here strong evidence that Shh-activated PI3Kg is one of the events triggering PDGF-BB-induced SMC chemotaxis and could potentially also be involved in MC recruitment. Cotreatment with both Hh and PI3Kg inhibitors had a stronger inhibitory effect than Hh inhibitors alone suggesting that PI3Kg activity is not exclusively regulated by Shh (supplemental Figure 10) . Interestingly, autocrine production of monocyte chemotactic protein-1, another GPCR agonist, has also been shown to implicate PI3Kg in PDGF-BB-induced aortic SMC migration. 25 Our study brings to light a novel function of Shh, implicating this morphogenic protein in PDGF-BB-induced SMC chemotaxis in a similar fashion to osteopontin 38 or monocyte chemotactic protein-1. 25 Shh is expressed and secreted under PDGF-BB stimulation of SMCs and triggers an array of intracellular pathways (PI3Kg and ERK1/2), which converge to allow long-term PDGF-BB-induced signaling mechanisms to initiate the cellular response (ie, SMC migration).
MC coverage of growing vessels is the result of different processes including MC proliferation and migration from preexisting vessels or MC differentiation from progenitor cells. MCs include smooth muscle lineage cells at different differentiation stages such as pericytes and SMC subtypes. 39 In mouse cornea, we found that MCs of growing vessels coexpress a-SMA, NG2, and PDGFR-b that are commonly associated with phenotypes of human pericytes (supplemental Figures 11A-B and 12A ) and rat aortic SMCs (supplemental Figure 1) . Moreover, the migratory response to PDGF-BB of these MCs from human and rat depends identically on the Hh pathway (supplemental Figure 12B) . These findings suggest that data from in vitro experiments of rat aortic SMCs are relevant to understanding mechanisms of PDGF-dependent MC recruitment in vivo at least in the mouse corneal angiogenesis model.
In the pathophysiological context, notably during angiogenesis, PDGF-BB is one of the major factors involved in MC recruitment. 40 This growth factor is produced in neovessels and is highly responsive to angiogenic factors, including VEGFA. 41, 42 Expression of PDGF-BB by neovessels is essential for proper recruitment and organization of MCs, which express PDGFR-b and can proliferate and migrate along the PDGF-BB gradient generated by ECs. 43 Our in vivo data show that Shh is required for the previously characterized effects of PDGF-BB on vessel maturation. Blocking either PDGF-BB or Shh action strongly reduced NG2
1 MC recruitment and consequently reduced both vessel maturation and life span. Because blocking the Hh signaling pathway was well shown to inhibit SMC proliferation in vitro, [16] [17] [18] the effect of Shh on MC recruitment in vivo may be the result of its effect on MC proliferation instead of migration. However, our data show that in the cornea early steps of new vessel formation do not involve either EC or MC proliferation and moreover that blocking the Hh signaling pathway does not reduce cell proliferation on preexisting limbal vessels, thus suggesting that inhibition of MC proliferation is probably not the target of Hh inhibitors. Our in vitro data, demonstrating that Shh is For personal use only. on April 9, 2017. by guest www.bloodjournal.org From involved in PDGF-BB-mediated SMC migration, suggest that one potential effect of Shh in vivo is to promote this effect.
In summary, the present study demonstrates that (1) Shh expression is induced by PDGF-BB in MCs both in vivo in the mouse corneal angiogenesis model and in vitro in cultured SMCs, and (2) inhibition of Shh signaling leads to a decrease in the MC number on new vessels and a subsequent decrease in vessel life span. Taken together, these findings strongly suggest that autocrine production of Shh by MCs is a downstream effector of PDGF-BB for MC migration and recruitment in neovessels (Figure 7) , documenting an enigmatic role of Shh in vessel maturation.
14 Finally, our work underscores the potential therapeutic application of Shh to increase the endogenous effect of PDGF-BB in promoting vessel maturation by enhancing MC migration toward PDGF-BB-producing ECs.
